Both the physical behavior of aerosols and survival of airborne Serratia marcescens in hyperbaric chambers with a helium-air mixture at 20 atm of pressure was approximately the same as in the system at ambient pressures. Exposure of mice to aerosols of Klebsiella pneumoniae at 1-, 2-, and 17-atm and 1, pressures of helium-oxygen mixture showed that the number of viable organisms constituting a 50% lethal dose was not significantly affected by the hyperbaric conditions. Underwater habitats have been developed (3) that make it possible for humans to live and work at moderate depths on the ocean floor. Saturation diving by individuals or small groups of divers has been conducted at depths over 30 m. There has been interest in maintaining work forces at these depths for prolonged periods.
Both the physical behavior of aerosols and survival of airborne Serratia marcescens in hyperbaric chambers with a helium-air mixture at 20 atm of pressure was approximately the same as in the system at ambient pressures. Exposure of mice to aerosols of Klebsiella pneumoniae at 1-, 2-, and 17-atm (ca. 101-, 203-, and 1,722-kPa) pressures of helium-oxygen mixture showed that the number of viable organisms constituting a 50% lethal dose was not significantly affected by the hyperbaric conditions.
Underwater habitats have been developed (3) that make it possible for humans to live and work at moderate depths on the ocean floor. Saturation diving by individuals or small groups of divers has been conducted at depths over 30 m. There has been interest in maintaining work forces at these depths for prolonged periods.
Whether the effect of pressure on the transmissibility and severity of infectious diseases, especially those transmitted via the air, might be a significant factor in the capability of humans to maintain a sustained work effort 30 m under the ocean has not been studied.
We assembled an apparatus to evaluate the possibility of increased risk of infection via the respiratory tract of animals housed under such extreme hyperbaric conditions. Mice could be maintained in this equipment at pressures of at least 17 atm, exposed to aerosols of bacteria or viruses of known concentrations, and held indefinitely without decompression. This report describes the construction of the apparatus, the behavior of aerosols ofSerratia marcescens, and the infection rate of mice by Klebsiella pneumoniae under moderately high pressures.
MATERIALS AND METHODS
Hyperbaric chamber construction and operation. The hyperbaric chamber (Fig. 1) consisted of a vertical aerosol chamber centered between two rows of horizontal small chambers used for animal holding, air treatment equipment, and aerosol generation. Each small chamber was connected to both the central large chamber and -to the ventilating air circulation pipes.
Valves and unions were provided to permit isolation of any single animal-holding chamber.
The tank and chambers were designed according to the American Society of Mechanical Engineers Unfired Pressure Vessel Code for a working pressure of 68 atm, equivalent to a depth of approximately 72 m of sea water. All seals and glands were made of Teflon, food-grade silicone rubber, or hard asbestos. The interior was finished with zinc-coated steel or stainless steel to minimize the possibility of atmosphere contamination by off-gassing of complex materials. The system was considered suitable for use with oxygen, air, nitrogen, helium, or other mixed-gas atmospheres.
The central chamber was made of schedule 60 seamless carbon steel pipe 353 cm (72 in.) high and 38 cm (15 in.) inside diameter. It was flanged at both ends, with a total of 23 openings of 5 cm or smaller for temperature probes, pressure gauges, electric power feed-through, and piping connections located at convenient points. The tank was connected to the six chambers by 5-cm (2-in.) carbon steel piping. Ball valves were used in all lines to facilitate air flow and to minimize loss of aerosol. Air (gas) in the central tank was stirred by a small fan, located on the bottom flange, and aerosol concentration was monitored by a right-angle, light-scatter monitor, especially designed for this project. A photocell and light source, located outside the chamber, monitored airbome particles inside the chamber (Tyndal effect) through quartz window lenses.
The six minor chambers were carbon steel, seamless pipes approximately 60 cm long and 20 cm inside diameter. All chambers were constructed to the same basic shell design. The chambers were equipped with patented double-bolt quick-opening hinged closures (Tube Turns Co., Louisville, Ky.), viewing ports, and temperature and pressure gauges. The four chambers used for animal holding were equipped with small light bulbs and pressure locks for food drop access and were connected to the central chamber with 5-cm seamless steel pipe.
Stainless steel tubing was used to provide drinking water to each holding cage, and cages were cleaned by flushing with water. All side chambers were connected through valves and traps to a common drain system. Bottoms of cages were made of stainless steel wire cloth. Chambers could be depressurized individually or collectively. A small blower-compressor, located in one side chamber, served to circulate air.
In all experiments, the partial pressure of oxygen was maintained between 140 and 200 Torr. In accordance with current diving practice, helium was added to the normal air atmosphere to achieve the selected FIG. 1. Hyperbaric aerosol chamber and animal-holding units.
total pressure. The wall temperature of the units was raised to about 35°C to prevent chilling of the animals by the high thermal conductivity of the helium atmosphere. Odors, vapors, and gases, including CO2 and NH3, were removed by a sectioned filter bed of charcoal and Baralyme (a mixture of barium, calcium, and potassium hydroxides). Chemicals in that section could be replaced without disturbing the animals. Initial fill and makeup atmospheres were obtained from standard 5,663-liter (200-ft3) cylinders, for which a connection manifold was provided. Theoretically, the animals could be held in these cages indefinitely.
Organisms and assay procedures. K. pneumoniae was grown at 37°C in Trypticase soy broth (BBL Microbiology Systems, Cockeysville, Md.) for 24 h with constant aeration by shaking; S. marcescens was grown at 32°C in a chemically defined medium (per liter, 2.5 g of ammonium citrate, 5 ml of glycerol, 3 .9 g of K2HPO4, 0.5 g of MgSO4, and 0.25 g of NaCl). The solid medium used for viability assay included 2% agar.
To assay an aqueous suspension of K. pneumoniae, dilutions were made in peptone broth and plated on Trypticase soy agar. S. marcescens cultures were diluted in distilled water and plated on chemically defined medium agar. The drop-counting technique of Miles et al. (7) was used for plating diluted suspensions of cells.
To assay viability of bacteria in aerosols, they were collected onto 0.45-tLm membrane filters (Millipore Corp., Bedford, Mass.). Filters were held in special holders operated at the pressure of the hyperbaric system. The concentration of viable organisms in aerosols within the pressurized chamber was determined by collecting the bacteria onto 0.45-um filters. Flow of gas out of the chamber, through the filter, was regulated by a needle valve distal to the filter. The calculated volume of gas passing through the filter was based on a measurement of the volume of gas collected at atmospheric pressure. Filter membranes were placed on Trypticase soy agar for K. pneumoniae or on chemically defined medium agar for S. marcescens. Colonies were usually counted after 24 h of incubation.
Aerosol eXposure. Aerosols were produced in the large central chamber with a Wells-type refluxing atomizer. Mice were exposed to aerosols of graded concentrations of K. pneumoniae by circulating the aerosol in the large chamber through the animal-holding chamber for a selected time. The Data from light-scatter measurements and microbial survival were plotted as log values for a graphic presentation of decay rates (e.g., Fig. 2 and 3) . When an aerosol is generated by atomizers, there are inevitably a few large particles created. These settle rapidly and are usually not important in respiratory infection. Only the final straight-line portions of the curves, related to the small, respirable particles, were used to calculate decay rates expressed as half-life (T112). The half-life is not dependent upon initial aerosol concentration and provides a quantitative comparison of the characteristics of aerosol particles of interest. Figure 2 shows the rate at which a relatively dense aerosol of S. marcescens can be cleared from the system. The aerosol was produced by operating the atomizer, with an undiluted broth culture (ca. 1010 cells per ml), for 10 min. The amount of scattered light is a relative measure of total numbers of particles (not viable organisms) suspended in the gaseous phase. In this experiment, the circulating pump was left on continuously. Although some of the loss was due to settling, most particles probably were removed by filtration, since all air passing through the carbon dioxide scrubbers was filtered. This shows that the burden of organisms, or particles, can be removed from the aerosol chamber in a relatively short time. An indication of the settling rate with no recirculation is shown in Fig.  3 . In this experiment the circulating pump was operated only long enough to draw an occasional sample of air from the large central chamber into the light-scatter monitor.
RESULTS AND DISCUSSION
The initial decay rate was relatively rapid; this reflects fallout of the larger particles. At 2.3 atm of pressure (ca. 233 kPa), the half-life of the smaller particles that approach 1 t,m in diameter is approximately 105 min. When the pressure was raised to 20 atm (ca. 2,026 kPa) with helium, the calculated half-life was 120 min for the smaller particles. The difference between settling rates at the two pressures was small and was not significantly different from those in air. These data were in general agreement with the theory presented by Gussman et al. (5) . Figure 4 shows the loss of viability of S. marcescens in the hyperbaric system. The Millipore filter collection technique was compared at 2.3 atm with the conventional AGI-30 impinger, one of the standard devices employed for determining the concentration of viable cells in aerosols (2) . The reason for the small differences in slope of the two lines has not been determined. Possibly, as the organisms age in the aerosol, they become more sensitive and simply fail to survive the violent action of the impinger sampling procedure.
The Millipore filter system was selected for the sampling method at elevated pressures, because the impinger was not suitable for working at the higher pressures without rather elaborate containers to provide the needed 0.5-to 1-atm pressure drop across the orifice. The biological decay rate of an aerosol held at 20 atm was practically identical to that held at 2.3 atm (Fig.  4) . Therefore, the filter sampling technique was shown to be satisfactory for determining the aerosol concentration of bacteria at high pressures in a He-02 atmosphere.
T -36 min. Groups of mice were exposed to graded dosages of aerosols ofK. pneumoniae. Data in Table  1 show that the ambient pressure had no significant effect on the apparent infectiousness of this organism. The twofold difference in LDso in duplicate experiments at the low pressure of 2 atm can be explained by noting that the number of mice was limited to six per test by the size of the chambers. The LD.5 may be described more logically by Poisson statistics than by binomial distribution statistics. Differences as great as these had been observed previously when sampling under normal atmospheres (6) . Problems associated with the variability of LD50 data were discussed in detail by Akers and Won (1) . In conventional aerobiological equipment, operated at ambient pressure (with more precise measurements), the LDso for K. pneumoniae was about 500 cells. The infectiousness of this murine pathogen at a total pressure of 17 atm appears to be in the same order of magnitude as under ambient pressure conditions. In comparable experiments, using cold rather than pressure as a stress for animals, Won and Ross (8) observed that the resistance of mice to K. pneumoniae was significantly reduced. They reported that if mice were held at 2°C, the LD50 was about onehalf of that obtained at 220C. Therefore, temperature appears to be a more important factor than pressure per se in the infectiousness of at least this murine disease.
